The signaling pathways activated by nerve growth factor (NGF) that account for its ability to promote the survival of neurons are not completely understood. Phosphatidylinositol 3-kinase (PI3K) is critical for the survival of several cell types, including neurons. To determine whether additional signaling pathways cooperate with PI3K to promote survival, we examined other pathways known to be activated by NGF. NGF activated protein kinases C (PKCs) in sympathetic neurons, and pharmacologic PKC activation rescued neurons from apoptosis induced by the withdrawal of NGF. Inhibition of PKCs did not inhibit the survival of NGF-maintained neurons. Similarly, inhibition of PI3K caused only a modest attrition of neurons in the presence of NGF. In contrast, the simultaneous inhibition of both PKCs and PI3K induced the apoptotic death of NGF-maintained sympathetic neurons. Inhibition of both PI3K and PKCs promoted the expression and phosphorylation of the proapoptotic transcription factor c-Jun, indicating that these pathways inhibit programmed cell death at the stage of proapoptotic gene expression. In culture conditions under which PI3K inhibition alone kills NGFmaintained neurons, PKC inhibition also led to a significant loss of viability, indicating that both pathways are required. Therefore, PKC and PI3K, regardless of the culture conditions, cooperate to promote the NGF-dependent survival of sympathetic neurons.
The signaling pathways activated by nerve growth factor (NGF) that account for its ability to promote the survival of neurons are not completely understood. Phosphatidylinositol 3-kinase (PI3K) is critical for the survival of several cell types, including neurons. To determine whether additional signaling pathways cooperate with PI3K to promote survival, we examined other pathways known to be activated by NGF. NGF activated protein kinases C (PKCs) in sympathetic neurons, and pharmacologic PKC activation rescued neurons from apoptosis induced by the withdrawal of NGF. Inhibition of PKCs did not inhibit the survival of NGF-maintained neurons. Similarly, inhibition of PI3K caused only a modest attrition of neurons in the presence of NGF. In contrast, the simultaneous inhibition of both PKCs and PI3K induced the apoptotic death of NGF-maintained sympathetic neurons. Inhibition of both PI3K and PKCs promoted the expression and phosphorylation of the proapoptotic transcription factor c-Jun, indicating that these pathways inhibit programmed cell death at the stage of proapoptotic gene expression. In culture conditions under which PI3K inhibition alone kills NGFmaintained neurons, PKC inhibition also led to a significant loss of viability, indicating that both pathways are required. Therefore, PKC and PI3K, regardless of the culture conditions, cooperate to promote the NGF-dependent survival of sympathetic neurons.
Nerve growth factor (NGF) 1 can maintain the survival of sympathetic neurons in vitro and is required for their targetdependent survival in vivo (1, 2) . NGF promotes survival via activation of its receptor tyrosine kinase, TrkA (3, 4) . However, the signaling pathways that account for the survival promoting activities of NGF are not completely understood. Although phosphatidylinositol 3-kinase (PI3K) is important for the NGFdependent survival of sympathetic neurons (5) , whether PI3K is the only required signaling pathway is unresolved. Under certain culture conditions, PI3K appears to be necessary and sufficient for NGF-dependent survival (6 -8) , whereas under different circumstances PI3K is dispensable (9 -11) . Therefore, additional signaling pathways probably function in the NGFdependent survival of sympathetic neurons.
The protein kinase C (PKC) family of serine/threonine kinases encompasses at least 12 members that participate in cellular functions ranging from proliferation to apoptosis (12, 13) . The PKC family can be separated into three groups based on their regulation. The conventional PKCs (␣, ␤I, ␤II, and ␥) are activated by DAG and phorbol esters and also require calcium, whereas the novel PKCs (␦, ⑀, , , , and ) require DAG or phorbol esters for activation but are insensitive to calcium. The atypical PKCs ( and /) are not sensitive to DAG, phorbol esters, or calcium. PKC and PKC, although they are activated by DAG and phorbol esters, lack the autoinhibitory pseudosubstrate domain and are therefore probably regulated quite differently than other novel PKCs and are frequently termed PKDs to distinguish them. Growth factor receptors regulate PKCs via the activation of phospholipase C-␥. Phospholipase C-␥, upon binding to phosphorylated Tyr 785 in TrkA, is itself phosphorylated and activated (14) , hydrolyzing phosphatidylinositol 4,5-bisphosphate to produce DAG and inositol trisphosphate and thus activating PKCs. Growth factor receptors also influence PKC activity through the phosphorylation of the activation loop of PKC by phosphoinositide-dependent kinase-1 (15, 16) .
Although PKCs have been implicated in the regulation of survival, their function varies depending upon the cell type and apoptotic signal (17, 18) . PKC-␣, -␤, -⑀, and -can function as suppressors of apoptosis, whereas PKC-␦ and -appear to be proapoptotic in function. PKC-␦ appears to be involved in apoptosis induced by several stimuli and is cleaved by caspase-3 to generate a catalytically active fragment (19). Whether PKCs function in the trophic factor-dependent survival of neurons is unclear. Tyr 785 of TrkA, and thus phospholipase C-␥, is required for neurite outgrowth stimulated by NGF in the sympathetic neuron-like cell line PC12 but is not required for survival (20, 21) . Atypical PKCs, however, may function in the survival of PC12 cells via activation of NF-B (22) . We examined to what extent PKC signaling is involved in the survival of sympathetic neurons and here provide evidence that PKCs have a cooperative function in NGF-dependent survival along with PI3K.
EXPERIMENTAL PROCEDURES
Materials-LY294002 and GF109203X were obtained from Biomol (Plymouth Meeting, PA); Bryostatin 1 and PMA were from Calbiochem; and boc-aspartyl fluoromethyl ketone (BAF) was obtained from Enzyme Systems Products (Livermore, CA). These compounds were dissolved in Me 2 SO and used at the concentrations described under "Results." Antiphospho-MAPK, anti-phospho-AKT (Ser 472 ), anti-phospho-c-Jun (Ser(P) 63 ), anti-phospho-PKC substrate, anti-phospho-pan-PKC, antiphospho-PKC␣/␤II (Thr 638/641 ), and anti-PKC-␣ were obtained from Cell Signaling Technology (Beverly, MA). Anti-BIM was purchased from Pharmingen (San Diego, CA); anti-actin and anti-Trk (C14) were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); antiphosphotyrosine (4G10) was from Upstate Biotechnology, Inc. (Waltham, MA). All antibodies were used for immunoblotting at a 1:1000 dilution. Reagents were purchased from Sigma unless noted otherwise.
Sympathetic Neuronal Cultures and Treatments-The superior cervical ganglia from postnatal day 1 Sprague-Dawley rats were dissected, dissociated and seeded onto rat tail collagen-coated 35-mm culture dishes or 2-well glass chamber slides (Nunc, Naperville, IL) as previously described (23) . Cultures were maintained for 5 days in vitro in medium (90% minimum essential medium, 10% heat-inactivated fetal bovine serum, 2 mM glutamine, 20 M uridine, 20 M fluorodeoxyuridine, 100 units/ml penicillin, and 100 g/ml streptomycin) containing NGF (50 ng/ml). Cultures were then treated as described under "Results." For the NGF deprivations in the survival and rescue experiments, the neurons were washed twice with medium not containing NGF (AM0), and AM0 containing anti-NGF (goat polyclonal, 1:10,000 dilution) was then added for the amount of time indicated. In all experiments, control cultures were subjected to the same number of washes as the other conditions, and the original type of medium containing the vehicle alone (Me 2 SO) was added back. For immunoblotting experiments involving the NGF stimulation of neurons to observe PKC activation, sympathetic neurons were washed twice with AM0 and maintained in AM0 for 24 h; no anti-NGF was used in these experiments. For stimulation, one-fourth of the medium from each dish was removed, NGF was added to it, and this medium was added back. The final concentration of NGF in these stimulations was 50 ng/ml. For experiments involving serum-free conditions, the neurons were plated and maintained in the serum-containing medium described above for 4 days in vitro. The neurons were then switched to serum-free medium containing N2 supplement (Dulbecco's modified Eagle's medium/F-12 medium containing 30 nM selenium, 20 nM progesterone, 100 M putrescine, 5 ng/ml insulin, 12 g/ml transferrin, and 1 mg/ml BSA) and NGF (50 ng/ml), and the experiments were initiated 1 day later in the continued presence of N2 medium.
For the NGF rescue experiments, the neurons were deprived of NGF for 20 or 26 h. The sympathetic neurons were washed twice with AM0 and then treated with medium containing either anti-NGF, TPA (100 ng/ml), or NGF (200 ng/ml) for 5 h. The neurons were then washed again with AM0 and returned to medium containing NGF (200 ng/ml). The next day, the medium was then replaced with medium containing 50 ng/ml NGF and maintained for 5 additional days.
Survival Assays-Toluidine blue staining was performed as described previously (11) . Briefly, after the indicated treatments, cultures were washed with ice-cold phosphate-buffered saline and fixed for 2 days with 4% paraformaldehyde at 4°C. Cultures were then stained for 45-60 s in toluidine blue-O (1 g/liter), and the excess stain was removed by washing the slides for an additional 60 s in deionized water. The cells were dehydrated by using successive washes that contained increasing concentrations of ethanol to reach 100% followed by three toluene washes; coverslips were then mounted with Permount (Sigma). Neurons displaying smooth cell bodies that were stained for Nissl substance were considered alive and were counted. All survival counts were obtained in a blinded manner. All experiments were performed on duplicate wells on three or four independent cultures. The data are displayed as the mean Ϯ S.E., and asterisks denote significant differences between two groups according to Student's t test with a p value of Ͻ0.05.
Immunoblotting-After the described treatments, sympathetic neurons maintained in 35-mm culture dishes were washed twice with ice-cold phosphate-buffered saline and then detergent-extracted with heated 2ϫ sample buffer (125 mM Tris, pH 6.8, 2% SDS, 20% glycerol, 10% ␤-mercaptoethanol, and 0.016% bromphenol blue). The extracts were then scraped off of the dish with a cell scraper, transferred to an Eppendorf tube, and boiled for 10 min. The extracts were cooled and diluted to 1ϫ, and SDS-PAGE was performed on these denatured extracts by using 4 -12% gradient gels (Novex, San Diego, CA). Resolved proteins were transferred to polyvinylidene difluoride membranes (Millipore Corp., Billerica, MA), and washed with TBS containing 0.1% Tween 20 (TBST). Immunoblots were incubated with a blocking solution consisting of TBST containing 2% BSA for 45 min at room temperature and further incubated for 2 h in TBST containing the primary antibody and 2% BSA. Immunoblots were then washed three times with TBST containing 0.5% BSA, incubated with the secondary antibody (1:10,000 dilution) in blocking solution for 45 min, washed twice with TBST containing 0.5% BSA, and finally washed once with TBST alone. Proteins were visualized by using the supersignal chemiluminescent detection system (Pierce). For immunoblotting with antiphospho c-Jun and anti-Bim, 5% nonfat milk was used as a blocking agent instead of 2% BSA. Immunoblots were reprobed by using the Western analysis protocol described above after stripping residual antibodies from the blots by incubation in 100 mM glycine (pH 2.7) twice for 20 min at room temperature followed by three washes with generous amounts of TBST.
Immunoprecipitations-TrkA immunoprecipitations were performed as described previously (24) . Briefly, after the described treatments, the neurons were washed twice with phosphate-buffered saline and lysed for 20 min in lysis buffer (Tris-buffered saline containing 1% Nonidet P-40, 10% glycerol, 1 mM sodium orthovanadate, and protease inhibitors) at 4°C with gentle rocking. The lysates were then clarified by centrifugation, and Trk antibodies were added (2 g/immunoprecipitation) to the clarified lysates along with protein A (50 l of a 50% slurry), and the tubes were rotated for 2-3 h at 4°C. The immunoprecipitates were then washed three times with lysis buffer and denatured by the addition of 40 l of 2ϫ sample buffer followed by heating in a boiling water bath.
RESULTS

NGF Promotes PKC Signaling in Sympathetic
Neurons-To determine whether NGF treatment induced PKC activity in sympathetic neurons, 6-day in vitro neurons that had been deprived of NGF were stimulated with NGF for various times. The neurons were then detergent-extracted to harvest total cellular proteins, and the extracts were subjected to phospho-PKC (P-PKC) substrate immunoblotting with an antibody that specifically recognizes proteins phosphorylated on PKC consensus sites (Fig. 1A) . NGF treatment induced the rapid phosphorylation of a number of proteins on PKC consensus sites, and their phosphorylation was sustained for hours (Fig. 1A) . These same proteins were robustly phosphorylated after sympathetic neurons were treated with PMA, a phorbol ester that potently activates conventional and novel PKCs (Fig. 1A) , indicating that the P-PKC-substrate antibody detected bona fide PKC substrates rather than substrates of unrelated kinases. To determine the extent to which activators of PKCs can promote the phosphorylation of these proteins, sympathetic neurons that were briefly deprived of NGF were treated with either PMA or bryostatin 1, another potent PKC activator, for various times. The phosphorylation of PKC substrates was monitored by P-PKC substrate immunoblotting of whole cell extracts produced from these neurons. Both PMA and bryostatin 1 promoted robust, but transient, PKC activity in sympathetic neurons (Fig. 1B) . In fact, sustained PMA and bryostatin 1 treatment resulted in the down-regulation of the phosphorylation of PKC substrates over time (Fig. 1B) . These results further confirm that the proteins that are phosphorylated by NGF treatment (Fig. 1A) are, indeed, downstream substrates of phorbol ester-sensitive PKCs. PKCs are phosphorylated on several residues that regulate their catalytic activity (16) . Because PKC substrates are phosphorylated after NGF stimulation, we investigated whether NGF promoted the phosphorylation of PKCs by using antibodies that specifically detect conventional PKCs when phosphorylated on Thr 638/641 , an autophosphorylation site (P-auto-PKC) that stabilizes the kinase core of the enzyme, or when phosphorylated on the hydrophobic Ser 660 phosphorylation site (P-hydro-PKC). The hydrophobic Ser 660 site is also autophosphorylated and appears to stabilize the enzyme (25) . Phosphorylation of both Thr 638/641 and Ser 660 was enhanced by NGF treatment in sympathetic neurons (Fig. 1A) , although the increased phosphorylation of Ser 660 was delayed compared with Thr 638/641 . However, in the absence of NGF treatment, a significant amount of PKC was still phosphorylated at these residues (Fig. 1A) , suggesting that other factors besides NGF account for much of the PKC phosphorylation observed in sympathetic neurons. Similar to the effect of phorbol ester treatment on PKC substrate phosphorylation, PKC phosphorylation on Thr 638/641 and Ser 660 was down-regulated in the prolonged presence of PMA and bryostatin 1 (Fig. 1B) .
Furthermore, the level of conventional PKCs themselves were down-regulated with PMA and bryostatin 1 treatment (Fig.  1B ), similar to a previous report (26) . This down-regulation of PKCs is because of the degradation of PKCs after their activation, and sustained phorbol ester treatment is sometimes used as a means of inhibiting PKC activity in cells.
In addition to phorbol esters, some PKC isozymes are regulated by PI3K via phosphorylation of Thr 500 in the PKC activation loop by phosphoinositide-dependent kinase-1 (27, 28) . To determine whether PI3K regulated NGF-dependent PKC activity in sympathetic neurons, neurons were treated with the PI3K inhibitor LY294002, and PKC activity was monitored by P-PKC substrate immunoblotting of whole cell extracts produced from these neurons. PI3K inhibition blocked the phosphorylation of one PKC substrate that was ϳ32 kDa, whereas the other PKC substrates were unaffected ( Fig. 2A ). In contrast, treatment of NGF-maintained sympathetic neurons with GF109203X, a PKC inhibitor that is somewhat selective for conventional PKCs, blocked the phosphorylation of the majority of PKC substrates in sympathetic neurons, although some proteins were minimally altered ( Fig. 2A) . Similar to previous experiments, PMA promoted a greater initial phosphorylation of PKC substrates than NGF did. NGF deprivation for 2 h led to the dephosphorylation of only the 32-kDa protein, and other PKC substrates were unaffected at this early time point ( Fig.  2A) . To determine whether PKC inhibition led to the inhibition of the PI3K or MAPK pathways, the phosphorylation of Akt and extracellular signal-regulated kinases was examined by immunoblotting these extracts with antibodies specific to the active, phosphorylated forms of Akt and extracellular signalregulated kinases. As expected, LY294002 inhibited Akt phosphorylation but did not inhibit extracellular signal-regulated kinase phosphorylation ( Fig. 2A) . Inhibition of PKCs with GF109203X did not alter Akt phosphorylation and changed extracellular signal-regulated kinase phosphorylation only modestly ( Fig. 2A) . Taken together, these experiments indicate that PI3K regulated only a small portion of PKC activity in neurons (clearly discernible only in the 32-kDa substrate) and that the PKC inhibitor GF109203X blocked most PKC phosphorylation events in sympathetic neurons. Furthermore, PKC inhibition in sympathetic neurons did not significantly impair either the MAPK or PI3K pathways.
Because PKCs are reported to regulate the activity of RTKs such as the epidermal growth factor receptor (29, 30), we determined whether the inhibition of PKCs in sympathetic neurons altered TrkA autophosphorylation. NGF-maintained sympathetic neurons were treated with either GF109203X or vehicle alone and were then lysed, and TrkA phosphorylation was assessed by anti-phosphotyrosine immunoblotting TrkA immunoprecipitates from these lysates. GF109203X treatment did not alter TrkA autophosphorylation or the level of TrkA protein, even after as long as 2 days of PKC inhibition (Fig. 2B) . Therefore, conventional PKCs did not regulate the autophosphorylation or stability of TrkA in sympathetic neurons.
PKC Activity Protects Sympathetic Neurons from Apoptosis Induced by NGF Deprivation-Because NGF induced PKC activity in sympathetic neurons, we examined whether PKCs could promote their survival. Dissociated sympathetic neurons were deprived of NGF for 24 h or deprived of NGF in the presence of the PKC activator PMA or bryostatin 1. The numbers of surviving neurons were then counted and compared. NGF deprivation led to the apoptosis of ϳ70% of neurons within 24 h, and both PMA and bryostatin 1 inhibited significantly the death of these neurons (Fig. 3A) . The survival effects of PMA and bryostatin 1 were, however, modest and transient. After an additional 24 h of NGF deprivation, neither PMA nor A, dissociated sympathetic neurons were maintained in NGF for 5 days in vitro and then deprived of NGF for 24 h as described under "Experimental Procedures." The neurons were then treated with medium alone (MA) for 5 min, with NGF (50 ng/ml) for the time indicated, or with PMA (100 ng/ml) for 15 min and then detergent-extracted. The whole-cell extracts were immunoblotted with antibodies that specifically recognize phosphorylated PKC consensus sites (P-PKC Sub), conventional PKCs when phosphorylated on the hydrophobic Ser 660 phosphorylation site (P-hydro-PKC), or conventional PKCs when phosphorylated on Thr 638/641 , an autophosphorylation site (P-auto-PKC). To confirm the equal loading of protein, actin immunoblotting was done as a control (bottom panel). B, sympathetic neurons that were maintained in NGF for 5 days in vitro were treated with either bryostatin 1 (100 nM) or PMA (100 ng/ml) for the time indicated. A similar analysis was then performed as described in A. In addition, the total amount of conventional PKCs was determined by using antibodies that specifically recognize PKC␣, PKC␤I, PKC␤II, or PKC␦ (Total PKC). The experiments in this figure were performed on three or four independent cultures with similar results. bryostatin 1 caused any enhancement of survival (data not shown), similar to a previous report (31) . This temporary effect of PKC activation on survival is probably caused by the transient nature of the effect of these two compounds on PKC activity (Fig. 1B) .
To compare more directly the survival-promoting ability of PKC activation with NGF, rescue experiments were performed. Rescue experiments allowed us to compare the effectiveness of PMA and NGF at preventing apoptosis of trophic factor-deprived neurons with short rescue periods, thus avoiding the transient effects of PMA on PKC activation. Sympathetic neurons were deprived of NGF for 20 or 26 h and then switched to medium containing NGF, PMA, or vehicle alone for 5 h to rescue those neurons that would have committed to die in that period. After this 5-h rescue period, all neurons were then treated with NGF for the next 6 days, and the number of surviving neurons was counted and compared with neurons that were not deprived of NGF (Fig. 3B) . This short, 5-h rescue FIG. 2. Biochemical effects of PKC inhibitors on NGF-maintained sympathetic neurons. A, NGF-maintained sympathetic neurons were treated with PMA (100 ng/ml), LY294002, GF109203X, or vehicle alone, at the concentrations listed for 2 h in the continued presence of NGF or were deprived of NGF for 2 h. Whole cell lysates were produced, and these extracts were analyzed with phospho-PKC substrate, phospho-Akt, or phosphoextracellular signal-regulated kinase immunoblotting. Protein levels in the various samples were determined with actin immunoblotting. B, sympathetic neurons were treated with either GF109203X (10 M, right lane) or vehicle alone (left lane) for 48 h, and Nonidet P-40 extracts were produced. TrkA was immunoprecipitated (IP) from the extracts, and its level of phosphorylation was determined with phosphotyrosine immunoblotting (W). The amount of TrkA and the total level of protein in each sample were determined with Trk and actin immunoblotting, respectively. The experiments described in this figure were performed two or three times with similar results .   FIG. 3 . PKC activation can rescue neurons from apoptosis induced by NGF deprivation. A, sympathetic neurons were deprived of NGF in the presence of bryostatin 1 (100 nM), PMA (100 ng/ml), or vehicle alone (medium alone) for 24 h. The neurons were fixed, and the remaining number of viable neurons was counted and graphed as a percentage of neurons from the same culture that were not deprived of NGF. B, schematic representation of the rescue paradigm performed in C. C, neurons were deprived of NGF for either 20 h (left three lanes), 26 h (middle three lanes), or 2 days. The neurons deprived of NGF for 20 or 26 h were subjected to a 5-h rescue in which the anti-NGF containing medium was removed and replaced with medium containing NGF (200 ng/ml), PMA (100 ng/ml), or anti-NGF again (␣-NGF). After this rescue period, all of the neurons were switched back to medium containing NGF (200 ng/ml) and maintained for an additional 5 days to allow any rescued neurons to recover fully. The neurons deprived of NGF for 2 days were switched back to medium containing NGF and also maintained for an additional 5 days. The number of surviving neurons in each condition was counted and graphed as a percentage. The experiments in this figure were performed in duplicate in two or three independent cultures. Error bars, S.E.; asterisks, statistically significant differences (p Ͻ 0.05) from the leftmost condition of each subgroup.
period avoided the inhibitory effects of prolonged treatments of cells with PMA, thus allowing an accurate assessment of the survival-promoting abilities of phorbol ester-activated PKCs. After 20 h of NGF deprivation, PMA prevented the death of the 20% of neurons from the original population that would have committed to die in this 5-h rescue period, and PMA was equally as effective as NGF was in preventing the cell death of these neurons (Fig. 3C) . Similarly, even after 26 h of NGF deprivation, PMA was as effective as NGF at rescuing the roughly 8% of neurons that would have committed to die during this additional 5-h period (i.e. between 26 and 31 h of NGF deprivation) (Fig. 3C) , suggesting that PKCs acted late in the cell death pathway to prevent sympathetic neurons from undergoing apoptosis. Therefore, activation of phorbol ester-sensitive PKCs prevented the death of sympathetic neurons that had initiated the cell death program after NGF withdrawal.
PKCs Cooperate with PI3K to Promote Neuronal SurvivalGiven that activation of PKCs prevented the death of NGFdeprived neurons (Fig. 3) , we tested whether PKCs were required for the NGF-dependent survival of sympathetic neurons. When sympathetic neurons were deprived of NGF, 80% of neurons died within 48 h (Fig. 4A) . In contrast to the dramatic effects of NGF withdrawal on neuronal survival, inhibition of conventional PKCs with GF109203X in the presence of NGF had no effect on their survival (Fig. 4A ). This suggests that conventional PKCs were not solely required for the survival of sympathetic neurons. PI3K inhibition of NGF-maintained sympathetic neurons has varied effects on their survival. We have reported previously that PI3K inhibition of sympathetic neurons causes a modest and delayed apoptotic death, killing 30 -40% of neurons after 4 days of treatment with LY294002 at a concentration that completely blocks activation of Akt (11) . We again observed these same kinetics of death when NGF-maintained sympathetic neurons were treated with LY294002 (Fig. 4A) . Therefore, under our culture conditions, PI3K was not solely required for the survival-promoting effects of NGF. To determine whether PKCs and PI3K cooperate to promote the survival of sympathetic neurons, NGF-maintained neurons were treated with both LY294002 and GF109203X, and the number of surviving neurons was determined. The combined inhibition of both PKCs and PI3K caused the death of sympathetic neurons to a similar extent and with similar kinetics as does the withdrawal of NGF (Fig.  4A) . As with NGF deprivation (32), the cell death caused by PKC and PI3K inhibition was completely prevented with the broad spectrum caspase inhibitor BAF (Fig. 4A) , indicating that the combinatorial inhibition of these signaling pathways induced a caspase-dependent, apoptotic death similar to that caused by NGF deprivation. These results are consistent with the hypothesis that PKCs and PI3K cooperated to promote the NGF-mediated survival of dissociated sympathetic neurons.
To determine whether other means of inhibiting PKC activity also induced programmed cell death in combination with PI3K inhibition, prolonged PMA treatment of neurons was tested. Similar to GF109203X, the sustained treatment of NGF-maintained sympathetic neurons with PMA alone had no effect on their survival (Fig. 4B) . In contrast, during treatment with both PMA and LY294002, considerably more neurons underwent cell death as compared with either inhibitor alone (Fig. 4B) . PMA and LY204002 induced apoptosis with somewhat delayed kinetics as compared with NGF withdrawal (Fig.  4B) , which was observed to a lesser extent when apoptosis was induced with LY294002 and GF109203X (Fig. 4A) . The delayed kinetics of apoptosis induced by PMA and LY294002 may be explained by the observation that PMA is a less effective PKC inhibitor than is GF109203X (Figs. 1B and 2A) and that PMA does not down-regulate all phorbol ester-sensitive PKCs (26, 33, 34) . In conclusion, the PI3K and PKC pathways function in a cooperative manner to promote the survival of sympathetic neurons maintained in NGF.
PKC and PI3K Are Both Required for NGF-dependent Survival of Sympathetic Neurons Maintained under Serum-free
Conditions-Although our previous results indicate that PI3K is not solely required for the survival of sympathetic neurons (11), others have reported that PI3K accounts for the majority of the survival-promoting effects of NGF (6 -8). In some of these studies, sympathetic neurons were maintained in me- FIG. 4 . PKC and PI3K cooperate to promote the survival of NGF-maintained sympathetic neurons. A, dissociated sympathetic neurons maintained in NGF for 5 days in vitro were treated with LY294002 (LY) (50 M), GF109203X (GF) (10 M), both LY294002 and GF109203X, or vehicle alone in the continued presence of NGF (treatments labeled on the right of each plot). Some neurons were also deprived of NGF (␣-NGF) or deprived of NGF in the presence of BAF to confirm that this death required caspases. In addition, neurons treated with both LY294002 and GF109203X were also treated with BAF to determine whether this death was caspase-dependent. After 2-4 days of treatment, the neurons were fixed, and the number of viable cells was counted and graphed as in Fig. 3A . B, sympathetic neurons maintained in NGF for 6 days in vitro were subjected to the treatment listed to the right. PMA was used as a PKC inhibitor rather than GF109203X, and these neurons were treated with PMA (200 ng/ml) in addition to NGF for 2 days, beginning on day 4, whereas the other neurons were treated only with vehicle. After the treatments, the number of viable neurons in each condition was counted. The experiments in this figure were performed in duplicate in three or four independent cultures, and the error bars represent the S.E. dium that contained defined supplements rather than serum. PI3K inhibitors may be more effective at inducing apoptosis in neurons maintained in serum-free medium, perhaps because NGF is less effective in activating PKCs in the absence of serum. To determine to what extent PKCs were activated by NGF in serum-free conditions, sympathetic neurons that were maintained in either serum-containing or serum-free medium were stimulated with NGF, and the extent of PKC substrate phosphorylation was determined. As before, stimulation of serum-maintained sympathetic neurons with NGF induced PKC activity as indicated by enhanced phosphorylation of several proteins on PKC consensus sites (Fig. 5A) . NGF induced the phosphorylation of PKC substrates in neurons maintained under serum-free conditions as well (Fig. 5A) . Interestingly, the pattern of NGF-induced phosphorylation events are somewhat different between neurons maintained in serum-containing and serum-free conditions. For example, two proteins that were phosphorylated after NGF treatment under serum-containing conditions were not under serum-free conditions (denoted with asterisks, ϳ55 and 68 kDa). The basal level of PKC phosphorylation events was greater in neurons maintained in serum as well (Fig. 5A) . These data suggest that the ability of NGF to enhance PKC activity, and which substrates are phosphorylated, depends upon the culture conditions in which the neurons are maintained.
Given these results, we sought to determine the relative contribution of both the PI3K pathway and the PKC pathway in the NGF-dependent survival of sympathetic neurons maintained in serum-free medium. Sympathetic neurons were dissociated and plated identically to the previous experiments and, after 4 days in vitro, were changed to a defined, serum-free N2 medium containing the same concentration of NGF for an additional day. Similar to NGF-maintained neurons in serumcontaining medium, NGF deprivation of neurons maintained in N2 medium caused the apoptotic cell death of the neurons (Fig.  5B) . In contrast to neurons maintained in serum-containing medium, PI3K inhibition induced a rapid apoptotic death of NGF-maintained sympathetic neurons in serum-free medium (Fig. 5B) , suggesting that PI3K was required for survival under these conditions. When NGF-dependent neurons maintained in serum-free medium were subjected to PKC inhibition with GF109203X, a significant percentage, greater than 50% by 4 days, underwent cell death (Fig. 5B) , in contrast to neurons supported by NGF in serum-containing medium (Fig. 4) . The treatment of neurons with both GF109203X and LY294002 under serum-free conditions did not increase the number of neurons that died, nor did it speed up the time course of their death, as compared with LY294002 treatment alone (Fig. 5B) . These data indicate that both PKCs and PI3K were required for the survival of NGF-maintained sympathetic neurons sustained under defined, serum-free conditions, whereas neither of these signaling pathways were obligatory in the presence of serum.
PKCs Function Proximal to Jun Phosphorylation in the Cell Death Pathway-To identify at which point activated PKCs block the apoptotic cascade, we examined events in the apoptotic pathway that were initiated by PKC inhibitors. To determine whether PKC and PI3K inhibition promoted the induction of apoptotic gene expression, NGF-maintained sympathetic neurons under serum-containing conditions were treated with LY294002, GF109203X, or PMA alone or in combination, for 24 h. As negative and positive controls, some NGF-maintained neurons were treated with vehicle alone, and some were deprived of NGF, respectively. After these treatments, the neurons were extracted to obtain whole-cell lysates and analyzed by immunoblotting. One event that is required for the expression of apoptotic genes necessary for programmed cell death in sympathetic neurons is the activation of the transcription factor c-Jun (35) (36) (37) . Similar to previous studies, NGF deprivation of sympathetic neurons induced the phosphorylation of Jun on Ser 63 , a transcription regulatory site (Fig. 6 ). Inhibition of PI3K also induced the phosphorylation of Jun (Fig. 6) , consistent with previous immunocytochemical observations (11) , but this phosphorylation was considerably less than that induced by NGF deprivation after 24 h. Inhibition of PKCs with either GF109203X or PMA also induced some Jun phosphorylation on Ser 63 but promoted less Jun phosphorylation than NGF deprivation induced (Fig. 6) . In contrast, the simultaneous inhibition of both PKCs and PI3K induced Jun phosphorylation to the same extent as NGF withdrawal (Fig.  6) . In a positive feedback mechanism, Jun regulates its own FIG. 5 . Both PKCs and PI3K are required for the NGF-dependent survival of sympathetic neurons under serum-free conditions. A, sympathetic neurons maintained in either serum-containing or serum-free medium (labeled above the lanes) were deprived of NGF for 24 h and were then stimulated with NGF (50 ng/ml) for 15 min. Whole cell extracts were produced, and the extent of PKC signaling was examined with phospho-PKC substrate (Sub) immunoblotting. The level of protein in each sample was determined with actin immunoblotting. The asterisks indicate proteins phosphorylated after NGF treatment only in neurons maintained in serum-containing medium. This experiment was performed three times with similar results. B, sympathetic neurons maintained in serum-free medium in the presence of NGF were treated with LY294002 (50 M), GF109203X (10 M), both LY294002 and GF109203X, or vehicle alone or deprived of NGF for 2-4 days. The number of surviving cells was then counted and graphed as a percentage of NGF-maintained neurons. This experiment was performed in duplicate in three independent cultures, and the error bars represent the S.E. expression by its phosphorylation and transactivation. Similar to Ser 63 phosphorylation, inhibition of both PKC and PI3K activity induced Jun expression to the same extent as NGF deprivation, whereas inhibition of either PKCs or PI3K alone was much less effective (Fig. 6) . To determine whether proapoptotic gene expression was affected, we monitored the expression of the BH3-only, Bcl-2 family member BIM, an event that is important for NGF deprivation-induced cell death (38, 39) . Inhibition of either PKCs or PI3K alone induced little or no BIM expression, in contrast to NGF deprivation, which promoted the robust expression of BIM (Fig. 6) . Inhibition of both PKC and PI3K activity promoted BIM expression to a greater extent than did inhibition of either signaling pathway alone, but simultaneous PKC and PI3K blockade caused less BIM expression than did NGF deprivation (Fig. 6 ). The expression of another proapoptotic family member, PUMA, was also examined by immunoblotting and had a similar profile as did BIM; simultaneous PKC and PI3K inhibition promoted much less expression of PUMA than did NGF deprivation (data not shown). Therefore, PKC acted with PI3K to inhibit the cell death pathway proximal to the early event of Jun activation and proapoptotic gene expression. The modest effects of simultaneous PKC and PI3K inhibition on the expression of proapoptotic genes such as BIM, as compared with NGF deprivation, may explain the somewhat slower kinetics of apoptosis induced by combined PKC and PI3K inhibition (Fig. 4) .
DISCUSSION
The PKC family comprises a large group of signaling molecules that participate in biological functions as diverse as neuronal plasticity and inflammation. Here we report that NGF promoted the phosphorylation and, thus, activation of PKCs, as well as the phosphorylation of numerous downstream PKC substrates, in sympathetic neurons. Short term PKC activation with phorbol esters rescued trophic factor-deprived sympathetic neurons as effectively as NGF does. Furthermore, PKCs cooperated with PI3K to promote the survival of NGF-dependent sympathetic neurons, and these two pathways accounted for the majority of the survival-promoting effects of NGF. The simultaneous inhibition of the PI3K and PKC pathways caused the phosphorylation and induction of the proapoptotic transcription factor c-Jun, suggesting that these signaling pathways functioned to inhibit programmed cell death at the level of proapoptotic gene expression. In summary, the PKC pathway had a critical function in the survival of sympathetic neurons maintained by NGF, regardless of the culture conditions used.
Given the size and diversity of the PKC family, an important question is which PKC family member(s) functions in trophic factor-dependent survival. The ability of PMA and GF109203X to inhibit the survival of sympathetic neurons suggests that the relevant PKC was either a conventional or novel PKC, which comprise 10 different kinases. As a first step toward identifying which PKC was involved, we examined sympathetic neurons from PKC␥ mutant mice and compared them with neurons from wild-type littermates. There were no significant differences in the kinetics of death after NGF withdrawal or in their sensitivity to PI3K inhibition (data not shown). This experiment, however, suggested to us that identification of the relevant PKC by using either genetic or dominant-negative strategies may well be unmanageable, given the number of possible combinations of PKCs that could be involved and the technical difficulties associated with the ectopic expression genes in sympathetic neurons. Another approach that was taken to determine which PKC is involved in survival was a pharmacologic one, using several inhibitors reported to inhibit specific subsets of PKCs. Unfortunately, many of the compounds tested, such as rottlerin, chelerythrine, and Gö6976, were toxic to sympathetic neurons, even at concentrations below those described in the literature to inhibit PKC activity, thus limiting their use in cell death assays. Of note, the toxicity exhibited by these compounds did not have the time course or characteristics of apoptosis, suggesting that they inhibit other essential enzymatic processes. Although these attempts to determine which PKC contributes to trophic factor-dependent survival signaling were unsuccessful, it remains an important future direction.
The results reported here represent a dramatic example of how variations in the in vitro conditions in which the neurons are maintained affects their intracellular signaling processes. Importantly, irrespective of whether serum-containing medium or a defined medium is used, both the PKC and PI3K pathways had pivotal roles in neuronal survival initiated by NGF. The more general issue that these experiments raise is which culture condition better represents the in vivo environment for sympathetic neurons. Sympathetic neurons in vivo would not normally be exposed to serum nor would they be exposed to the high levels of many of the constituents of defined medium, such as putrescine, transferrin, and insulin, thus making this question difficult to answer. Perhaps the most direct method for discerning the relative contribution of both the PI3K and the PKC pathways in neuronal survival will be with genetic or molecular genetic approaches. However, the redundancy inherent to the PI3K and PKC families may make this a difficult task.
How does PKC inhibit apoptosis? Although PKCs appear to act proximal to Jun activation, which substrates are required for this antiapoptotic function are unclear. PKD (PKC) can associate with Jun N-terminal kinase and phosphorylate Jun on residues distinct from serines 63 and 73, thus potentially inhibiting Jun activity (40) , which is consistent with our observations. However, NGF does not appear to activate PKDs in sympathetic neurons, in contrast to PMA treatment of these FIG. 6 . PKCs inhibit the apoptotic pathway proximal to Jun activation. Sympathetic neurons maintained in NGF and serum-containing medium for 5 days in vitro were treated with LY294002 (50 M), PMA (200 ng/ml), GF109203X (10 M), both LY294002 and GF109203X, both LY294002 and PMA, or vehicle alone (NGF main) in the continued presence of NGF (condition listed above). In addition, some were deprived of NGF (anti-NGF). All neurons were additionally treated with BAF to prevent the loss of dying neurons, and after 24 h, the neurons were detergent-extracted. The extracts were subjected to Western analysis with antibodies specific for phospho-Ser 63 -Jun, total c-Jun, Bcl-2-interacting mediator of cell death (BIM), or actin as a loading control (antibody listed to the right). This experiment was performed on three independent cultures with similar results.
neurons, based on an antibody that specifically recognizes PKDs when phosphorylated on activation loop residues necessary for catalytic activity (P-744/748-PKD; data not shown). PKC␣ phosphorylates mitochondrial Bcl-2 on Ser 70 , which enhances its antiapoptotic activity (41, 42) . Although a possibility, our observations place the probable function of PKCs proximal to Jun activation, well upstream of the mitochondrial events regulated by Bcl-2. In an effort to understand how PKCs promote survival in neurons, we made several attempts to identify some of the PKC substrates phosphorylated after NGF treatment in a biased manner but were unsuccessful. For example, the 32-kDa protein that is tightly regulated by NGF ( Fig. 2A) was not BAG-1, cyclin D1, or CDK5, all of which have similar molecular weights and isoelectric points (data not shown). These conclusions were obtained by performing biochemical experiments with antibodies specific to BAG-1, cyclin D1, and CDK5 and by analyzing neurons from CDK5 knock-out mice. Thus, the mechanism by which PKCs function to inhibit apoptosis in neurons remains unclear.
The observation that combined PI3K and PKC inhibition did not fully induce the proapoptotic BH3 domain-containing proteins such as BIM that are necessary for programmed cell death suggests that additional signaling pathways inhibited the apoptotic pathway in sympathetic neurons, either at a transcriptional or post-transcriptional level. One such mechanism is the MAPK-dependent phosphorylation and destabilization of BIM (43), which could explain the inability of PI3K and PKC inhibition to induce BIM fully. Additional survival signaling pathways, such as those that regulate the prosurvival transcription factors cAMP-response element-binding protein and NF-B (44 -46) and those that repress proapoptotic genes (47), may also account for the somewhat slower kinetics of cell death induced by PI3K and PKC inhibition. The impressive array of signaling mechanisms used by neurons to maintain survival highlights the importance of protecting postmitotic populations of cells from inappropriate or premature apoptosis. The PKC pathway is one such pathway that, in conjunction with PI3K, inhibits the expression of genes responsible for neuronal programmed cell death.
